Two variant spectrins have been described in hereditary elliptocytosis (HE) and pyropoikilocytosis (HPP). Both are characterized by increased susceptibility of the al (N-terminal) 80-kD domain to mild tryptic digestion, yielding peptides of 46-50 or 65-68 kD (T50a and T68 in our terminology). In this report we add a third unstable spectrin aI domain found in three kindreds with HE; aIT80 in this type of spectrin is cleaved by mild tryptic digestion to a 50-kD peptide (T50b) distinguished from T50a by its more basic isoelectric point. All three spectrins show impaired self-association to form oligomers.
Introduction
Hereditary elliptocytosis (HE)' is an autosomal dominant disorder of erythrocytes in which clinical expression ranges from mild ovalocytosis on peripheral smear without evidence of hemolysis to striking elliptocytosis of all red cells, with laboratory evidence of hemolysis. Some affected individuals have erythrocytes which sphere, bud, and fragment, resulting in severe hemolytic anemia which has been termed hereditary pyropoikilocytosis (HPP).
HE has long been considered to be a disorder of the erythrocyte membrane based on the typical shape changes in the ab-sence of an abnormal hemoglobin or altered enzyme content. The first evidence supporting this concept came from Zarkowsky et al. (1) who showed that HPP red cells fragment at 460C instead of the normal fragmentation temperature of 490C, and that thermal denaturation of spectrin extracted from the same cells is similarly shifted to lower temperatures (2) . More recently, variant spectrins have been described in HE based on changes observed on two-dimensional (isoelectric focusing/SDS polyacrylamide gel electrophoresis [PAGE] ) maps of intermediate sized tryptic peptides (3) (4) (5) (6) (7) (8) . These two-dimensional maps contain over 50 peptides with molecular weights ranging from 80,000 to 11,000 D, from which a chemical domain structure has been deduced from monoclonal immunoblots, I125 limit peptide mapping, and overlap chemical cleavages (9-1 1). The resulting model consists of five domains within the a-subunit and four domains within the a-subunit. The al N-terminal domain is an 80,000-D peptide (aIT80), which is resistant to further tryptic cleavage under the mild conditions used. In contrast, spectrin from a subset of kindreds with HE has been shown to contain an unstable al domain that undergoes tryptic cleavage under the same conditions to a -46-50-kD peptide (3, 4, 8) . Other kindreds with HE have been described in which the aIT80 is cleaved to a 65-68-kD fragment under the same conditions of mild tryptic digestion (5, 6, 12) .
We have recently observed a third type ofunstable al domain in spectrin from affected members of four kindreds with HE (7) . In these spectrins, aIT80 is cleaved by mild tryptic digestion to a fragment at -50 kD that is distinguishable from the 46-50-kD peptide mentioned above by its more basic isoelectric point.
We present below the purification and partial amino acid sequence ofpeptides from each ofthe three unstable aT domains recognized to date in spectrin from HE erythrocytes, which we term aIT50a, aIT50b, and aIT68.
All three variant spectrins have impaired ability to undergo selfassociation to form tetramers and higher oligomers, a process that is known to be dependent upon an intact al domain, and one which is thought to be important in formation ofthe spectrin actin 4.1 network on the inner surface ofthe red cell membrane.
Methods
Blood collection, preparation ofred cell ghosts and extraction ofspectrin. O'Farrell (13) for 5700 Vh. The pH gradient extended from 7.7 to 4.5 and was formed as previously described (3) . After electrophoresis, the gels were equilibrated for 10 min in 10% glycerol, 3% SDS, 1 mM EDTA and 2% #-mercaptoethanol and then frozen at -60°C before electrophoresis in the second dimension on 10-15% acrylamide gradients using Laemmli buffers (14) .
Analysis ofspectrin oligomers. Formation of spectrin oligomers was studied by electrophoresis of extracted spectrin on 2-4% gradient nondenaturing polyacrylamide slab gels at 4°C. (9, 10) . Digestion with chymotrypsin and twodimensional cellulose peptide maps were prepared as described (9, 10) .
Preparation ofrabbit anti-aIT80 and immunoajfinity purification of aI domain peptides. Anti-aIT80 polyclonal antibodies were raised in rabbits using monoclonal immunoaffinity purified aIT80 from normal human erythrocyte spectrin (17) . Antibody titers ofserum collected over the ensuing 4 mo were between 1:2,000 and 1:10,000 as measured by an ELISA method using Linbro microtiter plates (Flow Laboratories, McLean, VA) with spectrin as antigen. Anti-aIT80 immunoglobulin was purified from immune serum on a spectrin immunoaffinity column and the purified antibody was coupled to Staph A-Sepharose 4B (Pharmacia Fine Chemicals, Inc., Piscataway, NJ) by the method ofSchneider et al. (18) .
Lyophilized tryptic digests (see above) of normal and HE spectrin were solubilized in 100 mM Tris HC1, 300 mM NaCl, 1 mM #-mercaptoethanol, 0.05% Triton X-100, 1.5 M urea pH 7.4, and applied to 3-5 ml of rabbit anti-aIT80 immunoaffinity matrix. The column was washed before elution with the same buffer without urea or Triton X-100 and the bound peptides were eluted with 6 M urea in 100 mM Tris, 300 mM NaCl, pH 7.4. The bound fraction was collected and dialyzed against 10 
Results
Tryptic peptides of normal and HE spectrin. Fig. 1 A is a twodimensional map ofintermediate sized tryptic peptides ofnormal spectrin after digestion for 90 min at 00-20C at a 1:20 (wt/wt) enzyme to substrate ratio. In normal spectrin, (Fig. 1 A) [4, 5] .) In addition, Fig. 1 B and D show polymorphisms in the all and aIII domains that occur commonly in Black subjects (8, 23) . Other differences between the peptide maps are due to variability in the rates oftryptic cleavage ofthe remaining a-and ,B-spectrin domains inherent in the experimental system. Peptides T5Oa, T50b, and T68 were shown to be derived from the al domain by 1'25-labeled limit chymotryptic peptide mapping shown in Fig. 2 . The drawing at the right shows the major chymotryptic peptides of aIT80 and indicates which of these are found in T5Oa, T5Ob, and T68. While the maps of T5Oa, T5Ob, and T68 are all subsets of the parent aIT80, TSOa and T50b do not overlap extensively. This suggested that the two 50-kD peptides are derived from opposite ends of the 80-kD domain, an impression that was confirmed by the similarity of maps of T5Ob to those of the 30-and 21-kD peptides (not shown), discussed further, which accompany the cleavage of aIT80 to T5Oa. The map of aIT68 includes three prominent peptides (left side) that upon direct comparison are present, but are less intense, on the other maps.
Tryptic digests of normal and HE spectrins were immunoblotted using anti-al monoclonal antibody previously described (11) (Fig. 3) Qo -To T68 T50b normal and HE spectrin was studied by incubation of spectrin under isotonic conditions at 301C over a concentration range of 0.5 to 15 mg/ml followed by electrophoresis on 2-4% nondenaturing acrylamide gels. The results, shown in Fig. 4 , are expressed as mole fraction of residual dimer at each concentration, estimated by pyridine elution ofCoomassie Blue dye from gel slices as described in Methods. The mole fraction of dimer from normal erythrocytes (controls and normal family members)
is seen to fall from 0.5 to < 0.1 over this concentration range as tetramer and higher oligomers are formed. In contrast, dimer content is elevated at low concentrations in all HE and HPP spectrins with unstable aI domains and, while some oligomerization occurs as concentration increases, dimer content remains elevated at all concentrations. In three patients with HPP and aIT80 T5Oa described earlier (3, 8) oligomer formation was essentially absent. Isolation of aI peptides from HE spectrins. To purify and isolate all peptides from the unstable al domains, a polyclonal antibody was raised in rabbits to normal aIT80 and purified on a spectrin immunoaffinity column (see Methods). The affinity purified rabbit anti-aIT80 was coupled to Staph A-Sepharose, which was then used to isolate al domain peptides derived from normal and HE spectrin digests. Fig. 5 shows two-dimensional (isoelectric focusing, IEF/SDS) electropherograms of purified al peptides from normal spectrin and HE spectrins aIT80 --T50a, aIT80 --T50b, and aIT80 T68. The normal aI domain (Fig. 5 A) Immunoaffinity purified aI peptides from HE spectrins were labeled with N-iodoacetyl-N'(5-sulfo-l-naphthyl) (AEDANS), a fluorescent cysteine modifying reagent (20) , and electrophoresed in two dimensions. The fluorescent al peptides shown in Fig. 5 were cut from the gels, electroeluted, and, when necessary, were further purified by high performance liquid chromatography (HPLC) for amino acid sequencing. N-terminal sequence analysis was carried out on peptide samples ranging from 400 to 800 pmol and these sequences were compared with the previously determined sequence of the spectrin aI domain (21).
In Fig. 6 A, segments of the normal sequence of aIT80 are compared with N-terminal sequences of T50a, T30a, and T2Ia peptides from two unrelated individuals, AR and TS, both of whom have spectrin aIT80 --T5Oa. T30a and T2Ia from AR were found to originate at the N-terminus of aIT80; the Nterminal 20 amino acids of both peptides were identical to the normal sequence. T2 la is presumably produced by cleavage of T30a near its C-terminus. The N-terminus ofT5Oa from spectrin of AR is alanine (A) 253, tryptic cleavage having occurred at lysine (K) 252. In T5Oa from AR, a proline (P) replaces the normal serine (S) at residue 255. T5Oa from TS results from cleavage at arginine (R) 250 (the primary cleavage) and at lysine (K) 252 (secondary cleavage) producing an overlapping sequence that constitutes -25% of the primary sequence. Both sequences show replacement of leucine (L) 254 by proline (P). Additional sequence ofthese peptides to residues 296 and 267, respectively, revealed no other differences from the normal sequence. Fig. 6 464 . In contrast to spectrin of HB, the normal glutamine is present at residue 465 in both peptides and the following 28 and 21 residues, respectively, are normal.
Cleavage of aIT80 to T68 (Fig. 6 C) occurs at arginine 131 in spectrin from SG and HP, two unrelated patients with HE. The sequence of both 68-kD peptides is normal up to leucines (L) 149 and 150 at which point an additional leucine is inserted. Following the triple leucine at residues 149-151, sequence of both peptides is normal through residues 160 and 168, respectively.
Discussion
Hereditary elliptocytosis has repeatedly been described in the literature as a heterogeneous disorder, referring both to the variable red cell morphology and clinical expression of disease (25) . The heterogeneity of HE is also apparent from genetic studies that show that HE is linked to genes for the Rh antigen located on chromosome one in some kindreds, while other kindreds do not show this linkage (26) (27) (28) . It has also been suggested that there is a second locus for elliptocytosis linked to the Duffy (Fy) blood group antigens, also located on chromosome one (29) . More recently, a variety of alterations in the structure and/or quantity of spectrin and of protein 4.1 in the cytoskeleton of HE red cells has been demonstrated. The alterations in spectrin structure that have been reported to date include the three structural variants of the aI domain described in detail here (and see refs. [3] [4] [5] [6] [7] [8] , an a-subunit with anomalous (rapid) migration on SDS (30) , a shortened spectrin /3-subunit (31), a high molecular weight /3-subunit (32) , deficiency of protein 4.1 (33) , and a high molecular weight form of4.1 (34 oligomers is characteristic ofall of the HE spectrins with unstable al domains described to date (3-6, 8, 22, 24) . Since oligomer formation occurs as a function of concentration, we have measured and expressed spectrin self-association here as the proportion of dimer remaining as spectrin concentration increases. This seems appropriate, since the concentration of spectrin on the inner surface of the membrane has been calculated to be at least 200 mg/ml (15) . Fig. 3 demonstrates that spectrins with unstable aI domains of all types have impaired oligomer formation over the entire range of concentrations tested. The most severe impairment of spectrin self-association that we have observed was in patients with HPP associated with aIT80 --T50a (3, 8) .
The basis for the impairment in spectrin self-association is thought to be the requirement of intact aIT80 for this process, as shown by Morrow et al. (37, 38) who demonstrated that normal aIT80, but not its cleavage product aIT74, is able to bind to intact spectrin dimer and to inhibit tetramer and oligomer formation. Although the native oligomeric state of spectrin on the membrane is not known, the process of oligomer formation is thought to be important in the assembly and stability of the spectrin actin 4 The 68-kD peptides from the aI domain of subjects SG and HP result from cleavage at arginine 131. In both peptides, the double leucine at residues 148 and 149 becomes a triple leucine. While the inserted leucine is some distance from the cleavage site, the insertion disturbs the strictly conserved 106 amino acid repeat unit (40) , and thus may perturb tertiary structure of the entire helix sufficiently to expose arginine 131 to tryptic cleavage. It is of interest that inside out membrane vesicles from patient HP were previously found to have decreased high affinity binding sites for ankyrin (41) . It is not clear how this finding is related to the patient's mutant spectrin, but it is possible that the altered cytoskeleton resulted in rearrangement of the band 3 receptor site in these red cells. Fig. 7 locates the new tryptic peptides and the amino acid sequence changes described in HE spectrins on a model of the aI domain developed by Speicher (ref. 40 and manuscript in preparation). In this model, the al domain is comprised of five complete repeat units, each consisting of 106 amino acids, and parts of a sixth repeat unit at each end. Each repeat unit is comprised of three helical segments of different lengths connected by nonhelical segments. The figure shows that the major new tryptic cleavages (arrows) described in HE spectrins occur within helix 3 of repeat units 1, 2, and 4. The sites of amino acid replacement or insertion described in HE spectrin al domains in Fig. 6 are indicated by asterisks. In this model, all ofthese occur near the C-terminus of helix 3 within their respective repeat units. It is interesting that the cleavage site of aIT80 to T74 at Arg 39 (21) is also within helix 3 ofthe partial repeat unit shown at the N-terminus of the al domain in this model (40) . This cleavage occurs commonly in normal spectrin in our experience, but has been associated with elliptocytosis in the experience of others (4, 22) . We conclude that there are at least three variable regions within the al domain, all near the C-terminus of helix 3 in this model. The manner in which the sequence changes in these variable regions impair spectrin self-association, and their relationship to the abnormal shape and survival ofthe elliptocyte remain to be determined.
